Abstract. High-resolution tomographic images from Los Angeles Region Seismic Experiment (LARSE) array and southern California Seismic Network (SCSN) teleseismic data suggest that the entire lithosphere below the San Gabriel Mountains and San Andreas fault in the Transverse Ranges has thickened in a narrow, vertical sheet. P wave travel time inversions of the combined data support the presence of the well-documented upper mantle highvelocity anomaly that extends -200 km into the mantle under the northernmost Los Angeles basin and Transverse Ranges, and is associated with mantle downwelling due to oblique convergence. We find that the high-velocity, high-density upper mantle anomaly comprises a 60-80 km wide sheet of mantle material that lies directly below a substantial crustal root in the San Gabriel Mountains. The velocity perturbations are as large as 3% in the anomaly, corresponding to a ~2% density increase. The tomographic images suggest that deformation in the ductile lower crust and mantle lithosphere may be partially coupled mechanically and thermally if the thickening is occurring together in response to convergence and that it may be a local compressional feature.
Assumptions about the detailed geometry of the Moho beneath the San Gabriel Mountains have had a significant influence on interpretations of plate boundary dynamics. Hadley and Kanamori [1977] proposed the existence of a horizontal decoupling shear zone near an undeformed, flat Moho along which crustal motions diverge from the mantle. Their model of decoupled, differential motions between the crust and mantle implied that the lower crust was subject to shear but not to compression. Bird and Rosenstock [1984] used plate motion estimates and the tomographic images of Raikes [1980] to propose slablike lithospheric downwelling to accommodate a large amount of plate shortening. Their qualitative model suggested that the Moho may be depressed at the downwelling hinges because of the weight of the subducted mantle. Humphreys and Hager [1990] quantitatively modeled mantle flow to propose that relatively cold subcrustal lithosphere, decoupled from the uniformly thin crust above, is symmetrically descending into the mantle from both sides of the Transverse Ranges. They also invoked a decoupling zone near the Moho to explain why the crust would have uniform thickness in a region subject to compression.
Early lower crustal and upper mantle tomographic images
use data from the Southern California Seismic Network, which, a decade ago, had an average station spacing of 20-30 km and larger in the Transverse Ranges. We show that the combination of more recently obtained teleseismic travel times from the LARSE array and those from the SCSN reveals shallow (<60 km), short-wavelength (<30 km) lithospheric heterogeneity not seen in studies based on sparser network data. In particular, results described in an earlier paper [Kohler and Davis, 1997] suggest that lateral crustal thickness variations do exist beneath the San Gabriel Mountains.
Inversions of combined LARSE and network data for uppermost mantle structure, described in this paper, provide new information about the relationship between deformation in the lower crust and that in the uppermost mantle, which needs to be considered in models of apper mantle flow.
Teleseismic Travel Time Inversion
We combined teleseismic P wave travel time residuals from the very dense LARSE array with SCSN residuals to map three-dimensional lateral velocity variations in the upper mantle. To date, LARSE has consisted of a passive phase events fell into several distinct back azimuth groups, and the epicentral distances between sources and receivers ranged from 300-90 ø . The earthquakes were located in the Aleutian Islands, Kamchatka, the Kuril Islands, the Mid-Atlantic Ridge, the Solomon Islands, Japan, the Fiji Islands, and Chile. Kohler and Davis [ 1997] also found evidence that the teleseismic P wave travel time data were sensitive to upper mantle structure. When they included a simple block representation of the upper mantle high-velocity anomaly [Humphreys and Clayton, 1990] (Figure 3c ). This is an underdetermined problem, and many of the boxes in the grid space were not sampled by any rays.
Results
The resulting tomographic images show that heterogeneity is closely associated with tectonic features, in particular the Transverse Ranges and the San Andreas fault. The LARSE and SCSN data sets make complementary contributions to the final tomographic images. Since the LARSE-recorded rays approach the stations at incidence angles of 15ø-30 ø, forming pyramidlike ray path coverage, they sample a depth interval of 20-40 km in each 20 km wide slice. The LARSE rays sample structure to a maximum depth of -90 km in a slice of lithospheric structure that is up to 40 km away (horizontally) from the LARSE array (e.g., Figure 5 ). The LARSE data alone provide more detail within these narrow depth and distance intervals but do not add any information about deeper structures. The SCSN data alone allowed us to image coarser structure farther away from the LARSE array, structure in grid boxes not covered by LARSE ray paths, and deep features directly below the array.
Vertical and Lateral Resolution
Resolution tests indicate that the lateral resolution is good on a scale of 20 km and the vertical resolution is good for structures on a scale of 2040 km, depending on ray path coverage. We determined resolution levels by inverting synthetic The combination of network and array travel time data demonstrates the advantages of distinguishing small-scale seismic structures recorded in the dense array data from threedimensional, large-scale heterogeneity seen in both array and network data. The tomographic images reported here differ from earlier studies primarily in the uppermost 90 km, where the LARSE data have revealed the geometry of structures not seen by larger networks alone. Our images show that the high-velocity anomaly in the upper mantle is a narrower, more localized feature than previously reported and that it extends up to the base of significantly thickened crust. This is in contrast to previous studies that have concluded that the crust is almost uniformly thick beneath the San Gabriel Mountains [Hearn and Clayton, 1986 trate how the thickened crust and anomalously fast upper mantle comprise a narrow, lithospheric-scale sheet of shortened, high-density material whose location may be associated with a convergent region centering on the plate boundary.
Our results suggest that modeling of the tectonic evolution of the Transverse Ranges and of underlying mantle flow needs to take into account the observed crustal thickening and its kinematic relationship to upper mantle seismic anomalies.
Thermal and Density Structure
We argue that both the thickened crust and the high velocities in the uppermost mantle can be explained by uniform thickening of the entire lithosphere due to shortening under northeast-southwest compression. If we assume for the Transverse Ranges that the lower crust is mechanically coupled to some degree to the mantle lithosphere and that they have been thickened together, we can estimate the velocity heterogeneity expected from displacement of ductile lithosphere beneath the mountains relative to adjacent lithosphere below the basin and desert. In this scenario, simple downwarping of isotherms due to the mass displacement caused by the lithospheric shortening will produce lateral velocity and density variations in the mantle of the order of magnitude we observe. We make the conservative assumption for the up- 
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]. In other words, colder material from above will be displaced to deeper locations. It may only be appropriate for the uppermost mantle, and we do not assume that the entire lithosphere has thickened by only 20 km. Changes in mantle temperature and density will affect the degree of downwarping with depth and time. Since convergence in the Transverse Ranges is a young (<6 Myr old), active process, the downwarped material has not had time to thermally equilibrate with undeformed material. We estimate the amount of lateral heterogeneity that will result from the displaced material, assuming that it is primarily due to temperature variations. Before compression and downwarping, two points A and B (Figure 10a ] require a shear zone to accommodate their motion. Our interpretation favors a midcrustal shear zone, possibly associated with the brittle-ductile transition zone, to explain the present-day, predominantly horizontal motion. Independent evidence for a midcrustal detachment zone accommodated by a low-angle fault system is provided by seismic reflection modeling [Ryberg and Fuis, 1998 ] and is suggested by geodetic plate motion measurements . It would be difficult to explain the development of crustal or lithospheric thickness variations along a horizontal shear zone at the Moho or lithosphere-asthenosphere interface, respectively. Note that our crustal and mantle anomalies are centered on the San Andreas fault and not on the highest elevation of the San Gabriel Mountains. This suggests that ongoing plate boundary convergence and downwelling play a dominant role in the lower crustal and uppermost mantle kinematics and dynamics whereas motion along a midcrustal interface may control upper crustal deformation.
The small-scale seismic velocity gradients below the region of local maximum convergence are presumed to be accompanied by proportional density gradients. The increase in density can be calculated empirically as p=-O.302a(m)+O.302Vp where p is density, V•, is compressional velocity, and a(m) is a function of the average molecular weight of mineral assemblages for different parts of the Earth [Birch, 1961] . Using values compiled by Birch [1961] corresponding to lithospheric rocks, a 3% increase in seismic velocities corresponds to a 2% increase in density. Thus mantle material in the highvelocity anomaly is at least 2% more dense than material * elsewhere in normal-velocity lithosphere and may be gravitationally unstable.
Gravity and Mechanisms of Compensation
The lack of correlation between gravity and topography has led to the conclusion that the Transverse Ranges are regionally compensated by a stiff, elastic plate and do not have a substantial crustal root [Sheffels and McNutt, 1986] , even though the Transverse Ranges appear to be in regional isostatic equilibrium [Oliver, 1980] . Although twodimensional gravity measurements cannot uniquely constrain lithospheric structure, we show below that Bouguer anomaly data can be explained by a combination of several structures to illustrate that a simple correlation between a specific structure such as crustal or lithospheric root and gravity signature cannot be expected. We analyzed data from a detailed U.S. Geological Survey gravity survey consisting of >250 measurements taken along the same LARSE line and reduced to complete Bouguer anomalies using a crustal density of 2.67 g/cm 3 [Langenheim and Jachens, 1996].
To estimate the contribution of sediments and low-density upper crustal rocks to the gravity profile, we inferred their densities from the seismic refraction line upper crustal velocity model [Lutter et al., 1999] may be caused by regional compression. Downwarping of the isotherms below the root due to lithospheric thickening would explain the 3% lateral P wave velocity variations. Bouguer gravity data are consistent with the existence of a crustal root and upper mantle high-density anomaly, suggesting that isostatic compensation involves both crust and uppermost mantle structural heterogeneity.
